Objectives: Functional magnetic resonance imaging (fMRI) may be adopted as a complementary tool for bedside observation in the disorders of consciousness (DOC). However, the diagnostic value of this technique is still debated because of the lack of accuracy in determining levels of consciousness within a single patient. Recently, Giacino and colleagues (2014) hypothesized that a longitudinal fMRI evaluation may provide a more informative assessment in the detection of residual awareness. The aim of this study was to measure the correspondence between clinically defined level of awareness and neural responses within a single DOC patient. Methods: We used a follow-up fMRI design in combination with a passive speech-processing task. Patient's consciousness was measured through time by using the Coma Recovery Scale. Results: The patient progressed from a vegetative state (VS) to a minimally conscious state (MCS). Patient's task-related neural responses mirrored the clinical change from a VS to an MCS. Specifically, while in an MCS, but not a VS, the patient showed a selective recruitment of the left angular gyrus when he listened to a native speech narrative, as compared to the reverse presentation of the same stimulus. Furthermore, the patient showed an increased response in the language-related brain network and a greater deactivation in the default mode network following his progression to an MCS. Conclusions: Our findings indicate that longitudinal assessment of brain responses to passive stimuli can contribute to the definition of the clinical status in individual patients with DOC and represents an adequate counterpart of the bedside assessment during the diagnostic decision-making process. (JINS, 2016, 22, 1-11) 
INTRODUCTION
Acquired brain injury can result in clinical conditions characterized by a complete (vegetative state, VS) or partial (minimally conscious state, MCS) loss of awareness. While VS patients do not show any evidence of a sustained, reproducible, purposeful, or voluntary behavioral response to visual, auditory, tactile, or noxious stimuli (Multi-Society Task Force on PVS, 1994), MCS individuals exhibit inconsistent but reproducible signs of awareness, including the ability to follow simple commands, even though they remain unable to communicate interactively (Giacino et al., 2002) . Along with brain death and coma, these clinical conditions are referred to as disorders of consciousness (DOC) (Bernat, 2006) . The diagnosis of the DOC currently relies on the patient's clinical history and the bedside observation of the patient's behavioral responses to stimulations (Laureys, Owen, & Schiff, 2004) . Despite rigorous clinical assessment, the evaluation of residual awareness in individual patients is often problematic, and misdiagnosis rates are estimated to be as high as 43% ).
Correspondence and reprint requests to: Luca Cecchetti, Via Roma, 67 -Building 43, 56100 Pisa, Italy. E-mail: cecchetti.luca@gmail.com Over the past decade, non-invasive neuroimaging methodologies have been used to assess residual awareness in patients with DOC (Fernandez-Espejo & Owen, 2013) . For example, to assess whether or not a patient can follow spoken commands in the absence of overt movement, one may ask the patient to engage in mental imagery. Using functional magnetic resonance imaging (fMRI), the patient's engagement in the mental imagery task can be quantified on the basis of the voluntary modulation of their brain activity.
Remarkably, one patient who fulfilled the clinical criteria of the VS exhibited a spatial and temporal pattern of brain activity that was nearly indistinguishable from that of fully conscious, healthy volunteers (Owen et al., 2006) . Furthermore, one patient diagnosed as in an MCS was able to answer autobiographic questions using the same approach (Monti et al., 2010) . Unfortunately, given that many patients with DOC have limited cognitive resources and fluctuating levels of attention and arousal, these so-called active tasks are not suitable for all patients in this special population (Monti, Pickard, & Owen, 2013; Naci & Owen, 2013) .
To yield higher sensitivity in evaluating patients with DOC and limited cognitive resources (Giacino & Smart, 2007) , bedside examination of consciousness has been integrated with measures of neural activity elicited during passive stimulation tasks. For instance, passive paradigms include evaluating brain responses to simple sensory stimulation (Bekinschtein et al., 2004; Boly et al., 2008; Coleman et al., 2007; Di et al., 2007; Schiff et al., 2005) or assessing spontaneous brain activity and metabolism during rest (Laureys, Lemaire, Maquet, Phillips, & Franck, 1999; Stender et al., 2014) . Using a passive hierarchical speechcomprehension task, neural responses in language processing regions demonstrated a strong (although not unequivocal at the single patient level) overlap with the clinical assessment of awareness (Coleman et al., 2007) .
Additionally, the functional integrity of the default mode network (DMN) at rest predicted residual awareness across the consciousness continuum, from brain death to coma and locked-in status Demertzi et al., 2014; Hannawi, Lindquist, Caffo, Sair, & Stevens, 2015; Vanhaudenhuyse et al., 2010) . Despite the accumulating evidence that passive neuroimaging approaches can complement and even improve the assessment of the DOC, the diagnostic and prognostic value of these techniques is still questioned, and clinical practice remains largely unchanged.
One way to determine the real clinical efficacy of passive neuroimaging-based assessments is to conduct a longitudinal evaluation. By integrating neural responses during passive stimulation and clinical assessments at different time points in patients with prolonged DOC, a longitudinal evaluation could characterize the "neural signature" of residual awareness over time (Giacino, Fins, Laureys, & Schiff, 2014) . Importantly, as compared to cross-sectional designs, a longitudinal evaluation carried out within the single patient does not necessarily rely on group averaging; thus, it can be influenced less by the potential confounding effect introduced by between groups (e.g., VS . MCS) heterogeneous distribution of etiological, demographic, and medical factors, which also importantly influence prognosis of DOC (Bernat, 2006) .
Although preliminary findings (Bekinschtein et al., 2005; Laureys et al., 1999) have shown a potential role for this approach to support clinical diagnosis within a single DOC patient, a combined description of language-related and default mode brain activity during recovery of consciousness is still lacking. To this end, here we present a longitudinal fMRI evaluation in combination with a passive auditory task to characterize neural responses in one patient who progressed from a VS to an MCS. Specifically, the patient's brain responses within language-related networks and the DMN were investigated over time while he passively listened to a meaningful short narrative played both forward and backward (using a paradigm previously validated in patients with DOC; Schiff et al., 2005) . Since this speech perception task relies on both coding early aspects of language (Dehaene-Lambertz, Dehaene, & Hertz-Pannier, 2002 ) and sustained attention during listening (Caplan & Dapretto, 2001) , we hypothesized that clinical progression toward consciousness would be associated with both selective responses in hierarchically higher language-related areas and parallel modulations in the DMN activity.
METHODS

Patient Clinical History
A 23-year-old, right-handed male was admitted to the intensive care unit in a comatose state following a severe head trauma sustained in a motor vehicle accident. Upon admission, the patient's score on the Glasgow Coma Scale (Teasdale & Jennett, 1974) was 3. Whereas a first computed tomography examination did not reveal any noticeable pathological evidence, a second computed tomography scan 5 days later revealed a bilateral frontal hygroma. A subsequent brain MRI confirmed the bilateral hygroma and uncovered a diffuse axonal injury involving mainly the anterior frontal and temporal white matter, as well as the isthmus and splenium of the corpus callosum. In addition, the volume of the lateral ventricles was increased, and signs of cortical atrophy were evident in the bilateral frontal and right anterior temporal regions. There was no evidence of brainstem damage.
After 30 days, the patient's vital functions were stable, and he was transferred to our intensive rehabilitation unit. Here, the behavioral assessment of patient's awareness was conducted according to the revised version of the JFK Coma Recovery Scale (CRS-R; Kalmar & Giacino, 2005) and his most relevant progressions toward consciousness are summarized in Table 1 . Until 5 days before the first fMRI scan (approximately 3 months after admission), the patient was assessed daily by a multidisciplinary team, including an expert neuropsychologist, a neurologist, and a physiatrist. Pharmacological therapy comprised enteral baclofen, systematically. The patient remained in an MCS for 1 year; approximately at the end of this 1-year period, he underwent a second fMRI scan (14 months since admission) following a routine clinical brain scan. At the time of acquisition, the patient reliably produced motor acts as a response to simple verbal command and was taking levetiracetam and sertraline.
Finally, 19 months after sustaining his brain injury, the patient was discharged from the hospital. The patient was assessed behaviorally 5 months after his discharge. At that time, the patient could not walk or stand, and he produced only basic vocalizations (i.e., no words). However, upon request, the patient was able to compute simple calculations and to interact and play with his mother (i.e., hit a balloon with his hand). According to his mother's report, the patient began to produce this behavior a few weeks after his discharge from the hospital. Together, this evidence suggested that the patient had emerged from an MCS to a clinical diagnosis of severe disability.
Stimuli and Experimental Paradigm
Linguistic stimuli were recorded in a quiet, anechoic room, through a professional USB microphone connected to a computer running Audacity 2.0.3 (http://audacity.source forge.net/). The stimuli consisted of (1) a 27-s story depicting neutral scenery with elements of high imageability (see Appendix), read by a female Italian speaker who was unfamiliar to the patient (forward speech condition, Fw), and (2) a backward version of the same story obtained by reversing the speech file while maintaining sound pressure and pitch constant (backward speech condition, Bw). Both narratives were presented to the patient through MRcompatible headphones. Before the functional scan, the volume of the stimuli was adjusted by one of the experimenters to ensure a clear perception of the stimuli during the acquisition. Using a block-design paradigm, both conditions were alternated with 27 s of silence (rest condition) in each fMRI session. A total of six "stimulus-rest" repetitions were collected for both the Fw and Bw conditions during two separate fMRI runs. The study was conducted under a protocol approved by the Ethical Committee of the Pisa University Hospital. After the study procedures and risks involved had been explained, a written informed consent was obtained from the patient's mother before each of the two acquisitions. Indeed, since there is no evidence that the use of fMRI with passive stimulation paradigms may provide a proof of patient's awareness or language comprehension, we were careful to avoid any kind of expectation in the patient's mother.
At the time of consent, we clearly informed her that: (1) no current diagnostic or prognostic information were expected from the fMRI acquisition and, therefore, there was no direct benefit to her son's clinical care; (2) the functional MRI experiment would be carried out at the time of the clinically scheduled routine structural MRI examinations; (3) the fMRI study would not involve any additional discomfort or risk for the patient, as compared to those associated with the standard clinical MRI examination; and (4) the fMRI study would require to prolong the MRI scanning session of approximately 12 min.
Furthermore, we explained to the patient's mother that the additional fMRI scans were performed as a part of research aimed at exploring the neural underpinnings of consciousness. Importantly, as mentioned above, the two functional MRI acquisitions were performed concomitantly to the MRI clinical scans aimed at monitoring the evolution of the bilateral hygroma, brain atrophy, and at excluding the normal pressure hydrocephalus. The patient's mother gave her written informed consent before each of the two acquisitions and retained the right to withdraw from the study at any time with no explanation required. Finally, the fMRI scan exam was obtained at absolutely no cost for the patient's family.
MR Acquisition
Functional and structural brain images were acquired using a 1.5 Tesla (T) Siemens Symphony Magnetom MR system. The entire session had an approximate duration of 30 min. The patient was carefully positioned in the scanner, MRcompatible headphones were provided, and cushions were used to minimize the patient's head movements. Throughout the functional scan, the experimenters ensured that the patient kept his eyes open by means of a head-coil mounted mirror.
For each of the two fMRI sessions, a gradient echo-echo planar imaging sequence [repetition time (TR) = 2.7 s; echo time (TE) = 50 ms; flip angle (FA) = 90°; 30 interleaved axial slices; voxel size 3 × 3 × 3.75 mm; 120 volumes; 2 runs] together with a block-design paradigm were used to measure blood oxygenation level dependent (BOLD) changes during the passive speech perception task. A T2-weighted turbo spin echo sequence (TR = 4.2 s; TE = 109 ms; FA = 90°/150°; 33 axial slices; voxel size 0.6 × 0.6 × 3.75 mm; number of excitations = 2) was also acquired for clinical purposes and to define the anatomical locations of the task-related neural activations.
Data Analyses
The fMRI data were processed using FSL (Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 2012) , and AFNI (Cox, 1996) in the following order: (1) optimized brain extraction (Lutkenhoff et al., 2014) ; (2) spatial alignment to the anatomical scan (FSL-FLIRT); (3) correction for slice time acquisition (3dTshift) and head motion (3dvolreg); (4) spatial smoothing using a Gaussian kernel of full-width half-maximum = 8 mm (3dmerge), and (5) mean scaling normalization. Afterward, brain responses to each condition (Fw and Bw) were independently modeled using a block response function. The brain activity was evaluated in a GLM (3dDeconvolve) with nuisance variables represented by patient head movements (rotations and translations on x, y, and z axes). Maps of statistical significance (t values) for patient's brain responses were then obtained for the following contrasts: Fw > Bw, Bw > Fw, (Fw + Bw) > Rest, Rest > (Fw + Bw), using a p < .05 Bonferroni-corrected threshold.
To compare brain activity directly throughout the two stages of the patient's clinical status change (i.e., the first scan with his diagnosis as in a VS versus the second scan with his diagnosis as in an MCS) and to avoid circularity errors induced by selecting and testing using the same dataset, the BOLD signal was extracted for each fMRI session from meta-analytically defined regions of interest (ROIs; Figure 2B ). These regions of interest corresponded to the language-related network, the DMN, and the visual motion perception network (as a task-unrelated control). To this end, we used the Neurosynth repository (Yarkoni, Poldrack, 4 F. Tomaiuolo et al.
Nichols, Van Essen, & Waager, 2011) and topic-related reverse inference maps (Poldrack et al., 2012) . Specifically, for the language-processing network, our approach identified the following regions: the bilateral inferior frontal gyrus, the superior and middle temporal gyri, the left angular gyrus, the middle occipital gyrus, the fusiform gyrus, and the precentral gyrus (http://neurosynth. org/analyses/topics/v3-topics-50/4 -636 studies, keywords e.g., sentences, comprehension, language). On the other hand, the meta-analytically defined DMN included: the anterior and posterior cingulate cortex, the bilateral temporo-parietal junction, the superior and middle frontal gyri, the middle temporal gyrus, and the parahippocampal gyrus (http://neurosynth.org/analyses/topics/v3-topics-50/0-1130 studies, keywords e.g., resting, default mode, intrinsic).
Finally, the task-unrelated control network (areas responding to visual motion perception) entailed the following regions: the bilateral hMT (posterior middle temporal gyrus); the fusiform and occipital gyri, and the superior parietal lobule (http://neurosynth.org/analyses/topics/v3-topics-50/20 -662 studies, keywords e.g., motion, visual, perception). These ROIs were computed in the standard space coordinates system; thus, the statistical maps for the patient were transformed spatially to match the MNI152 template using an affine registration (FSL-FLIRT). For each MR session (VS and MCS diagnosis) and each of the six Fw and six Bw stimulation blocks, average t values were extracted independently from the three meta-analytically defined networks. Finally, the effect of the clinical progression toward consciousness was tested using a two-tailed paired t test (p < .05).
In addition, to evaluate the lateralization of the patient's brain activity both when he was in a VS and after he transitioned to an MCS, first, for each acquisition (i.e., first and second fMRI scan), we identified the coordinates for peak response of the (Fw + Bw) > Rest contrast within the left and right hemisphere. Afterward, similarly to what was done to test the effect of clinical progression toward consciousness, we extracted the average t values of the six Fw and six Bw stimulation blocks from these coordinates, both when the patient met the criteria for a VS diagnosis and when he was in an MCS. Therefore, two independent two-tailed paired t tests (p < .05) were applied to determine significant differences between the right and left hemisphere response during VS and MCS.
RESULTS
Task-Related Brain Responses
The task-related brain responses are summarized in Table 2 . When the patient was diagnosed as in a VS (the first fMRI scan), he showed a significant bilateral activation of the superior temporal cortex when both the forward and backward speech were presented, as compared to the silent rest period ( Figure 1A ; Fw + Bw > Rest). However, no brain regions were recruited differentially for the presentation of the forward speech as compared to the backward speech (Fw > Bw) or for the opposite contrast (Bw > Fw).
When the patient had progressed to an MCS (the second fMRI scan), he generated significant neural activations in the bilateral superior temporal cortex and in the left inferior frontal cortex during the presentation of both the forward and the backward speech, as compared to the silent rest period ( Figure 1B ; Fw + Bw > Rest). Importantly, the patient exhibited a significant activation in the left angular gyrus when presented with the forward speech as compared to the backward speech (Figure 2A ; Fw > Bw). Using the same statistical threshold, no brain regions were recruited differentially for the opposite contrast (Bw > Fw).
No regions were deactivated significantly in response to both types of speech stimuli when the patient was in a VS Level of awareness and neural responses within a single DOC patient(Rest > Fw + Bw). Conversely, the right angular gyrus, the right precuneus, the left superior parietal lobule, and the bilateral anterior middle frontal gyrus showed significant deactivations when the patient was in an MCS and presented with both the forward and backward speech conditions ( Figure 1B ; Rest > Fw + Bw).
Changes in Brain Responses of Meta-analytically Defined ROIs Throughout Clinical Progression from a VS to an MCS
The longitudinal assessment of the patient's brain responses as he progressed from a VS to an MCS resulted in a BOLD signal increment for the whole language-related network (p = .049; Figure 2B , orange) and a greater deactivation within DMN brain regions (p = .022; Figure 2B , purple). Neural activity for task-unrelated control brain areas associated with visual motion perception did not differ throughout his clinical progression from a VS to an MCS (p = .454; Figure 2B , green). Of note, these results were not driven by confounds related to head motion, since the average values for the two acquisitions did not differ significantly (VS versus MCS; two-tailed paired t test; p = .133)
Lateralization of Peak Response
Interestingly, while the patient was in a VS, the magnitude of BOLD activity extracted from the left hemisphere did not differ significantly (p = . 
DISCUSSION
In this work, we present the longitudinal fMRI investigation of an individual patient with a DOC whose clinical status progressed from a VS to an MCS. Our report explores the consistency between changes in the patient's task-related brain responses and his clinical progression over time. The patient's pattern of brain responses to a speech-processing task had a remarkable correspondence with his residual awareness, as assessed using a standard bedside clinical examination. Specifically, the patient showed a selective recruitment of the left angular gyrus while listening to a native speech narrative (as compared to the reverse presentation of the same narrative) only when the patient's behavioral responses were consistent with the clinical criteria of an MCS. In addition, the patient showed an overall increase in BOLD signal in the language-related network and a greater deactivation in DMN regions as he progressed from a VS to an MCS. Overall, these findings suggest that a longitudinal brain functional assessment, even in a single patient with a DOC, can add valuable information to a bedside clinical examination. In fact, from a clinical perspective, the accurate evaluation of residual consciousness in DOC patients represents a major challenge and misdiagnosis can reach worrisome rates. In addition, it has been demonstrated that behavior and consciousness can be dissociated in some patients (please see Owen et al., 2006 and Monti et al., 2010) . When such uncertainty is evident, the use of an independent estimator may lead to a synergistic effect and improve the reliability of the diagnostic process. For instance, we can imagine a two-by-two response model for behavioral and neuroimaging-based assessments of consciousness. The possible outcomes of this model are: [a] responsive behavior or [b] unresponsive behavior for the bedside assessment, and [a] responsive brain activity or [b] unresponsive brain activity for the neuroimaging assessment. It is clear that, when the two independent measurements give the same results (i.e., responsive behavior and brain activity; unresponsive behavior and brain activity), the probability of both type I (false positive) and type II (false negative) errors are diminished significantly.
Contrary to what one would expect, however, the diagnostic process can also benefit when the outcomes are conflicting. Indeed, discrepancies between behavior and brain responses can encourage the clinician to reconsider the validity of both measures and foster test-retest reliability of neuroimaging data. Although diagnostic guidelines (Kalmar & Giacino, 2005) indicate the stability through time as a relevant point for the behavioral assessment of DOC patients, most findings from the neuroimaging literature rely on a single evaluation of brain activity (see for instance Coleman et al., 2007 or the more recent Stender et al., 2014) .
More importantly, to corroborate the clinical evolution, responsive brain activity from the neuroimaging assessment should be obtained from the single patient (as in our case), and this can be achieved only when the multidimensional assessment (e.g., brain and behavior) is carried out longitudinally, before and after the improvement of clinical status. Importantly, the neural responses of interest in this work were detected using a 1.5T MRI scanner that is widely available in standard clinical settings, suggesting that our approach could be incorporated into clinical practice with relative ease. However, additional experimental data should be collected to confirm the validity and reliability of our experimental paradigm.
Significance of Changes in Brain Activity Related to Clinical Progression
Our most noteworthy finding regarding our patient's neural responses during his clinical progression from a VS to an Bonferroni corrected), after the patient had progressed to an MCS. The left angular gyrus (L AG) was selectively recruited during the presentation of natural native language narrative (red-yellow cluster; Fw > Bw), as compared to the reverse speech. No significant brain regions were revealed by the opposite contrast (Bw > Fw). Panel B shows the effects of the patient clinical evolution toward consciousness in three meta-analytically defined brain networks: the first ROI comprises brain regions involved in language processing (i.e., language network; orange), the second represents the DMN (purple), and the third includes brain regions related to visual motion perception (i.e., non-task-related control network; green). As shown in the lower part of panel B, we found a significant increase of the hemodynamic activity (i.e., t scores for both forward and backward conditions) for the whole language network (p = .049) and a parallel signal decrease for DMN regions (p = .022), as the patient progressed from a VS (dashed columns) to an MCS (plain columns). Brain activity for the motion perception network (i.e., control ROI) did not vary longitudinally (p = .454).
MCS is that the patient selectively recruited brain regions that are critical for language comprehension only while he was in an MCS. First, when the patient was in an MCS, but not a VS, he recruited the left angular gyrus when he listened to the native speech narrative (Fw > Bw). This neural marker of native speech processing has an early ontogenetic development (Dehaene-Lambertz et al., 2002) and is maintained during adulthood (Perani et al., 1996) .
The left angular gyrus is also involved in lexical storage in adults, implicated in the analysis of speech prosodic patterns used by newborns to identify their native language, and has an important role in auditory short-term verbal memory and auditory rehearsal (Dronkers, Wilkins, Van Valin, Redfern, & Jaeger, 2004) . Second, the patient engaged the left inferior frontal gyrus when listening to the speech narrative only while he was in an MCS. Importantly, the left inferior frontal gyrus is involved in speech production and is recruited by healthy volunteers during passive listening (Pulvermuller, Shtyrov, & Ilmoniemi, 2003; Wilson, Saygin, Sereno, & Iacoboni, 2004) . Lastly, the BOLD signal within the patient's language network increased after he transitioned from a VS to an MCS, which likely reflects his more sophisticated processing of the speech stimuli once he entered an MCS.
In summary, our patient's clinical progression from a VS to an MCS involved the specific recruitment of key brain regions for native speech processing. Together with the evidence that the patient produced motor acts reliably in response to simple verbal commands after he recovered awareness, we hypothesize that his regained ability to recognize, properly segment, and comprehend spoken language (at least for simple commands) is associated with specific neural markers of language processing.
A secondary finding that differentiated our patient's clinical progression from a VS to an MCS was a greater deactivation in his DMN during speech perception (Rest > Fw + Bw). In healthy volunteers, important nodes of the DMN show a signal increase during self-referential mental activities, and a signal reduction during externally focused attention tasks, as compared to rest (Gusnard & Raichle, 2001) . The magnitude of these deactivations increases with the attentive load of the task and is associated with the magnitude of the activation in task-relevant brain regions (McKiernan, Kaufman, Kucera-Thompson, & Binder, 2003) . The DMN activity of patients with DOC demonstrated a noteworthy overlap with CRS-R scores in a cross-sectional study and appears crucial for sustained attention after traumatic brain injury (Bonnelle et al., 2011) . Accordingly, we propose that the DMN deactivations we observed in our patient reflect his mental effort to focus on the linguistic stimuli. Critically, this neural marker of increased mental exertion was evident only when the patient regained awareness (i.e., progressed from a VS to an MCS).
When evaluating the patient's lateralized brain response elicited by both speech conditions versus the silent rest period (Fw + Bw > Rest), we found that the BOLD signal peaked in the left temporal perisylvian cortex exclusively when he was in an MCS. These regions of the language-dominant hemisphere are a node for low-level perception of auditory information and are also involved in language processing. Nevertheless, lateralization of BOLD activity per se is not sufficient as a marker of awareness or language comprehension.
The Contribution of a Longitudinal, Passive, TaskRelated fMRI Protocol for Patients with DOC Previous cross-sectional studies involving language processing in patients with DOC identified a partial overlap between clinical diagnosis and task-related brain activity (Coleman et al., 2007) . Hence, previous investigators have concluded that both patients in a VS and patients in an MCS show similar neural markers of speech processing. Aside from the high clinical misdiagnosis rate , the discrepancy between neuroimaging findings and behavioral signs of awareness may result from individual etiopathological (e.g., anoxic encephalopathy vs. traumatic brain injury), demographic (e.g., younger vs. older patients), and medical potentially confounding variables (e.g., relevant comorbidity, duration of coma after brain injury, etc.). All of these afore-mentioned variables are usually not evaluated in cross-sectional designs and may, therefore, influence between-group contrasts (e.g., VS . MCS).
Presumably for the same reason, neuroimaging studies often fail to offer valuable diagnostic and prognostic information in individual patients with DOC, even though the correspondence between the patterns of neural responses and clinical diagnosis appears adequate at the group level (Giacino et al., 2014) . To combat this issue, investigators have called for a multimodal, longitudinal evaluation of neuroimaging-based assessments for patients with DOC (Giacino et al., 2014) . Our current work addresses this request directly.
Importantly, the within-subject design of our work reduces the influence of certain confounds of cross-sectional cohort studies: factors that depend on individual clinical history and demonstrate prognostic value, such as etiology (Bernat, 2006) , are time-invariant. Although, these factors may still affect the overall probability of recovery, they are unlikely to influence the relationship between neuroimaging findings and behavior across time. Thus, our work addresses an important short-coming of past cross-sectional investigations, with the added benefit of reducing some error that is inherent to between-subject designs.
Finally, when the multimodal evaluation of a patient is carried out in a double-blind manner (as it should be), measurement errors (i.e., misdiagnosis) can occur in both cross-sectional and longitudinal designs. However, a unique feature of a longitudinal investigation is that a patient's brain responses and behavior can be compared across time, which should reduce the overall misdiagnosis rate.
Resting state fMRI studies (see review Hannawi et al., 2015) and passive task-related paradigms (Bekinschtein et Di et al., 2007; Schiff et al., 2005) have similar advantages and pitfalls regarding diagnosis and prognosis for patients with DOC (Giacino et al., 2014) . Nonetheless, to monitor functional brain responses throughout the consciousness continuum, simple passive speech perception tasks may be more informative. In fact, the use of a block-design protocol together with a passive task ensures that brain activity related to stimulus processing, whether conscious or not, is sustained for a prolonged period (e.g., please refer to the BOLD time-course of Figures 1 and 2 ). This approach also yields higher statistical power as compared to event-related designs (Buxton, Wong, & Frank, 1998) , while maintaining a shorter scan time. Furthermore, a recent study (Fernandez-Espejo, Norton, & Owen, 2014) demonstrated that block-design paradigms could be used to assess brain activity reliably, even with the "lower-end" equipment typically available in clinical settings (i.e., 1.5T vs. 3T MR scanners). Altogether, then, our passive speech perception task coupled with a block-design protocol provides a pragmatic and informative addition to clinical bedside examinations for patients with DOC.
Limitations of the Study
Although we have presented a strong correspondence between the behavioral assessment of awareness and task-related brain responses from an individual patient with a DOC, we ought to consider that neuroimaging evidence per se does not represent a direct measure of consciousness. This limitation is related intrinsically to the passive paradigm that has been adopted, since only active tasks (i.e., those tasks that assess command-following) may provide a marker of patient volition.
A third fMRI acquisition performed concomitantly to the patient's transition from MCS to severe disability would have added important information about the reliability of our experimental paradigm in measuring the correspondence between consciousness and brain activity. Nevertheless, as reported in the Methods section and in accordance with the Ethical Committee protocol, fMRI acquisitions could be performed exclusively as a complement to the clinical routine MRI exam. In fact, the patient did not undergo any other clinical MRI exam after hospital discharge.
The study of DOC by means of task-related brain activity requires adapting the passive stimulation paradigm to the individual patient. One must consider the location of any brain lesion that the patient may have and use the patient's residual perceptive abilities. Our passive listening task requires the preservation of the auditory pathways from the brainstem to the primary auditory cortex and associative regions in the language-dominant hemisphere. Hence, even though our aim is to adopt this experimental paradigm to study a larger cohort of patients with DOC longitudinally, we are aware that some patients will not be eligible due to lesions in specific task-related brain areas.
In conclusion, the results of the present case study indicate that longitudinal assessments of brain responses to passive stimuli can contribute to the definition of the clinical status in individual patients with DOC. These assessments represent an adequate counterpart of the bedside evaluation during the diagnostic decision making process. In addition, the use of a standard and widely available 1.5T MRI scanner, together with the ease of a passive auditory block-design paradigm, suggests that our approach could be incorporated effectively into clinical practice.
